
RESEARCH MEMORANDUM 


INVESTIGATION OF LOSSES IN THE XJ35-A-23 
TWO-STAGE TURBINE 

By John J. Rebeske, Jr., and Robert E. Forrette 
^ Lewis Flight Propulsion Laboratory 

f OR Reference 

” CLASSIFICATION CHANGED 

NOT tt> BB TAX30< ntOM TBEB KMM 

. , » . unavailable 

To.__UN£LASSl£j£D _ 

y) f^Cj? ^ 

By authority Data 

itJ- j -~ xi -j-y 


This material eootsliia inthymaHtw o| ttft-Oiaid^tttea.|rlthlA the msulnc 

of tbs esplonatfaTSWr^TlCiaBt^^ : W iSWi. oa:.mrJi^n of wWcb ia any 

mannsr to an ounithoinzsd parson la parahlbltad fcgr hur. - • - 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 

August 18, 1952 


C«W«#EHSWAL 

UNAVAILABLE 




2531 


IQ HACA EM E52E15 

HATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
'• RESEARCH MEMORANDUM 

mVESTIGATION OP LOSSES IN THE XJ35-A-25 TWO -STAGE TURBINE 
By John J. Reheske, Jr., and Robert E. Porrette 


SUMMARY 

Inasmuch as design performance was not obtained from the XJ35-A-23 
two -stage tiarbine, an investigation of the stage wort distribution and 
the losses through the turbine at design conditions was made . 

This investigation showed that the poor performance of this turbine 
was primarily due to; large whirl velocities at the turbine exit, which 
caused a 4-percent loss in turbine efficiency; choking in the second- 
stage rotor, which limited the work output of the first stage and the 
velocities out of the second-stage stator; and a choking condition 
upstream of the physical blade throat, which caused excessive losses in 
the second-stage rotor blades. Consequently, a satisfactory two -stage 
tvirblne can be obtained if these unfavorable conditions are eliminated. 


NASA Technical Ubri 


3 1 



176 01435 5938 


J 


INTOODUCTION 

As part of a general study of high-vork-output low-speed multistage 
turbines, a two-stage turbine for tbe XJ35-A-23 turbojet engine was 
studied at tbe NACA Lewis laboratory. The over-all performance of this 
turbine is reported in reference 1. Limiting blade loading (refer- 
ence 2) occurred in the second-stage rotor of this turbine and limited 
the maximum turbine work output to 95 percent of the design value j the 
efficiency of the turbine at this point was only 0.75. 

In order to determine why design performance was not obtained from 
this turbine, interstage instrumentation was added to the experimental 
apparatus. The turbine was operated at equivalent design speed and 
pressure ratio and detailed flow measurements were recorded. From an 
examination of the turbine design and these detailed flow measurements, 
the major losses in the turbine were located. The probable cauees of 
these losses are presented and discussed. The present report is con- 
cerned only with a general qualitative evaluation of the principal 
losses associated with the turbine and, in general, these losses appear 
as a loss in stagnation pressure at various points through the turbine. 
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SYMBOIfi 
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°P 

E 
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J 
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The following symbols are used In this report; 
annular area, sq. ft 
local speed of sound, ft/sec 

specific heat at constant pressure, Btu/(lb)(°R) 
specific heat at constant volume, Btu/(lb)(°R) 
shaft work based on torque measurements, Btu/lb 
acceleration due to gravity, 32.174 ft/sec^ 

enthalpy change based on stagnation temperature, CpAT* , Btu/lb 
mechanical equivalent of heat, 778.2 ft-lb/Btu 
rotational speed, ipm 


£L_ equivalent rotational speed, rpm 

p static pressure, Ib/sq ft 

p' stagnation pressure, Ib/sq ft 

p • stagnation pressure based on axial cal^^)onent of velocity, 

Ib/sq ft 

R gas constant, ft-lb/(lb)(°R) 

r reuiius, ft 

T static temperature , °R 

T' stagnation temperature, °R 

T" relative stagnation temperature, °R 

u blade velocity, ft/sec 

V absolute gas velocity, ft/sec 

critical gas velocity, 4 ^ gRT' , ft/sec 
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W 


W, 


cr 


w 


^ V®cr 

6 


P 


r 

6 

’ll 


gas velocity relative to rotor, ft/sec 

relative critical gas velocity, ^T", ft/i 

weight flow, Ib/sec 

equivalent wel^t flow, Ih/sec 

re 


sec 


function of r, — 


re-1 

(■¥) 


/rp-n\^Q~^ 

LV Toy . 

ratio of specific heats, Cp/ov 

ratio of Inlet pressure to pressvire at ITADA standard sea- 
level conditions, p'/2116 

adlahatlc efficiency "based on stagaatlon-ter^ierature ratio 
and stagnation-pressure' ratio 

"brake internal efficiency defined as ratio of actual tur"bine 
work "based on torque measurements to Ideal tur"b±ne work 
based on the pressure ratio 5 


'cr 


6 " 

cr 


P 

Oi 


cr 


^cr,0> 


■vr, 


cr 




cr,Oy 


gas density, Ib/ft^ 

stagnat ion-pres sure-loss coefficient , /iiP * /(p ‘ -p ) 
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Subscripts : 

1,2, 3, 4, 5 Instiruinent locatlcpns (see fig. l) • 

( weight-flow- average value of parameter 

e engine operating conditions 

h hub 

s isentropic 

t tip 

u tangential 

X axial 

0 NACA standard sea-level conditions 


INSIElUMEINTATiaFf 

Hie^^experimental apparatus and the installation are described in 
reference 1. Ihe air weight flow through the turbine was measured by a 
submerged A.S.M.E. flange-tap flat-plate orifice. Two standard Jet- 
engine burners were used to heat the air to 700° R, and the fuel flow to 
the burners was measured by rotameters in the fuel line. 

The location of measuring stations through the turbine and the type 
of measurements made at each station are shown in figure 1. The tttrbine 
inlet conditions were measured by means of a combination probe consisting 
of a shielded stagnation-pressure tube and a calibrated thermocouple, and 
two static -pres sure taps in each of the ten standard transition sections. 
The tTurblne exit conditions were determined by means of four calibrated 
thermocouple rahes, each consisting of five thermocouples located at the 
area centers of five equal annu lar areas ; five shielded stagnation- 
presstire probes, located at different circumferential positions and radii 
corresponding to the area centers of the five equal annular areas } and 
four static-pressure taps on both the inner and the outer shroudjs. 

The Instrumentation used to obtain the survey data was as follows: 

(1) Movable unshielded stagnation-pressure probes with provision for 
angle measureGnent . (a claw- type probe) , to measure stagnation pressures 
and flow angles 

(2) Wall static taps, to measure static pressures 
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( 3 ) Fixed thennoccfuple rakee , each consisting of five thermocouples 
located at the area centers of five equal annular areas, to measure 
stagnation temperatures 


MEIHODS AND PROCEDUBE FOR EXPERIMEKTAlIi WMJUJiTION OP OHEBINE LOSSES 

Detailed survey data vere obtained by operating the turbine at 
equivalent design speed (3028 rpm) and equivalent design pressure ratio 
( 4 . 03 ) . The inlet conditions vere maintained at an inlet ten 5 >erature 
of 700° R and an inlet stagnation pressure of 40 inches of mercury 
absolute . 

Turbine efficiencies . - The brahe internal turbine efficiency vas 
calculated from measurements of torque and turbine exit conditions of 
stagnation pressiire and temperature, static pressure, and vei^t flow. 
It is defined as 



CD 


where Px,s/Pi a pressure ratio based on the axial ccc^onent of 

velocity at the turbine exit. This ratio can be derived from a ccsn- 
bination.of the following equations; 


Continuity: 


V » PsAgVx^s 


State : 


Energy: 


Isentropic relation: 


P5 “ 



(D 

( 3 ) 


(4) 


( 5 ) 
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CoDibining equations (2), (3), and (S) gives an equation for the axial 
velocity 


'x,5 



( 6 ) 


This velocity is used In the energy equation to calculate Px, 5 / 

neglecting the tangential convenient of velocity at the turhine exit. 
Prom equations (4) and (5 ) , 







r 


— r-in 


r-i 


2rgR 



r 


(7) 


Prom this relation, I’x^s/Pi obtained and used in equation (l) 
to calculate Thus, the kinetic energy contained in the exit tan- 
gential velocity component is considered a loss. 


The adiabatic efficiency for radial positions corresponding to con- 
stant percentage values of annular area of each stage of the turbine was 
calculated from sxurvey measurements. of stagnation pressure and tenrpera- 
ture by the equation 


( 8 ) 


(These subscripts refer to the first stage.) 

Pressure-loss coefficient . - The pressiire-loBS coefficient is 
defined as the ratio of the stagnation-pressure drop across a blade row 
to the difference between the stagnation pressure and the static pres- 
sure at- the exit of the blade row 






( 9 ) 
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This coefficient is used in the present report only to evaluate the 
stagnation-pressure losses in the first- and the second-stage stators. 

Weight -flow- average values . - In order to aid in the discussion and 
ccauparison of the various parameters used in the data analyses, weig^ht- 
f low- average values were calculated. For example, if the weight-f low- 
average value of the pressure-loss coefficient (So) is required, it 

Sp'V 

can "be expressed as 


(35) 




p7„ dA 


av 


r 


pVjj. dA 


( 10 ) 


Ihe value of (oo)q,y obtained by plotting the numerator and the 

denominator of equation (lO) as a function of percentage annular area and 
integrating numerically. Qhe same method is used in calculating weight- 
flow-average values of the other parameters. 


EESULOB AHD DISCUSSICOST 

Prom the over-all performance of the two-stage turbine presented in 
reference 1, the following turbine performance characteristics are noted: 

■ (l) Measured equivalent wei^t flow was 106 percent of the design 
value. 

(2) Limiting blade loading occurred in the second- stage rotor at 
equiv^ent design speed and pressure ratio and restricted the equivalent 
work output to approximately 95 percent of the design value. 

( 3 ) Turbine efficiency at equivalent design speed and pressure 

ratio was only 0.75. 

The reason design performance was not obtained frcai this turbine can 
be determined from a study of the stage work distribution and losses 
throng the turbine. The work distribution and the losses are evaluated 
on the basis of the turbine design and on the acttial txirbine performance . 

Loss due to exit whirl . - An examination of the turbine design 
velocity diagrams (fig. 2) reveals only one source of titrbine loss . This 
is the loss of kinetic energy associated with the whirl velocity at the 
exit of the second rotor. The kinetic energy of this whirl velocity 
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taken at the pltcli line at the exit of the second rotor is approximately 
4 percent of the isentropic enthalpy drop throng the turbine. Because 
no provision is made for recovery of this energy, it represents approxi- 
mately a 4 -percent loss in turbine efficiency. 

The actual loss due to exit vhirl was determined experimentally and 
the resTilts are shown in figure 3. The ratio of the kinetic energy 
contained in the tangential conponent of exit velocity to the 

Isentropic enthalpy drop based on the measured stagnation-pressure ratio 
is presented for several radial positions across the blade span. The 
weight -flow- average value of this ratio is approximately 4 percent of 
the available Isentropic enthalpy drop and cctflse^uently represents a 
4-percent loss in turbine efficiency Tij|^. 

Stage work distribution . - The variation of the stage work, param- 
eter AT*/T' along the blade radius (expressed as a percentage of the 
toteil annular area) for both the first and the second stages is shown in 
figure 4. In figure 4(a), a peak value of AT*/T’ of 0.126 occurs at 
a radial position corresponding to 40 percent of the annular area. Frcan 
this point, the value decreases toward the hub and the tip of the blade. 
The weight-flow-average value of AT*/T’ for this stage is 0.1153 and 
is represented by the dashed line on the figure. In figure 4(b), a peak 
valxoe of AT’/T' for the second stage of 0.1630 occurs at a radial 
position corresponding to 50 percent of the annular area and decreases 
shaiply toward the hiib and the tip of the blsuie. The wel^t-flow- 
average value of AT*/T' for the second stage is 0.1368. The corre- 
sponding design value of AT'/T* for each stage based on the equivalent 
design value of (32.4 Btu/lb) and the design work distribution 

between stages (0.53 and 0.47) is 0.138 and. 0.142 for the first and the 
second stages, respectively. The percentage of the equivalent design 
stage work AT‘/T‘ actually obtained from the turbine is 83.7 percent 
for the first stage and 96.3 percent for the second stage. 

Although the measTured equivalent weight flow was 106 percent of the 
design value, stator-exit design velocities were not obtained. This 
fact indicates that the design area of the first stator was too large 
with the result that the first-stage work output was lower than the 
design value. Another condition that contributed to the deficiency of 
work in the first stage was that the actual area of the first-stage 
stator was 2 percent larger than the design value. 

However, choking in the second- stage rotor at a pressure ratio less 
than the design pressure ratio was the princip^ cause for the deficiency 
in over- all turbine work. Figure 5 (fig. 4, reference l7 shows the 
variation in equivalent weight flow at the turbine inlet with over- all 
t^arbine pressure ratio for a range of equivalent rotor speeds. The 
value of choking equivalent weight flow varies with rotor speed, the 
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value decreasing as tlie equivalent rotor speed Increases. The turbine is 
therefore choked downstream of the first-stage stator. Figure 6 shows 
the variation of equivalent wei^t flow, calculated for stagnation con- 
ditions relative to the second-stage rotctr, with over-all turhine pres- 
sure ratio for equivalent rotor speeds corresponding to 100, 110, 120, 
and 130 percent of the design speed. The choking value of equivalent 
wei^t flow occurs at over-all turhine pressure ratios hi^er Idiaii 3.6 
and exhibits no significant variation with equivalent rotor speed. The 
variation in the value of choking wel^t flow for the four equivalent 
speeds shown is less than 1 percent, which is within the limits of 
experimental error. As a result, the second-stage rotor limits the 
weight flow throng the turbine at over-all turbine pressure ratios 
greater than 3.6. 

Because the second-stage rotor chokes, a further increase in pres- 
sure ratio across any upstream blade row cannot be obtained. Ccnse- 
quently, the work output of the first stage is limited, and no velocity 
increase can be obtained throu^ the second-stage stator. Further 
increase in turbine work output with increase in over-all turbine pres- 
sure ratio is due to an increase in the tangential conq>onent of exit 
velocity. This coniponent reaches a maximum value at the condition of 
limiting blade loading, and further Increase in over-all turbine pres- 
Bvxe ratio produces no additional work. 

Stage efficiencies . - The radial variation in the efficiency Tjg^ 

for the first stage is shown in figure 7(a). Apeak stage efficiency of 
94.0 percent occurs at a radial position corresponding to approximately 
40 percent of the total annular area. From this point, the efficiency 
decreases toward the hub and the tip of the blade. The weight-flow- 
average value of this efficiency is 83.3 percent and is represented by 
the dashed line on the figure. In order to determine the losses in the 
first-stage stator, a pressure-loss coefficient oa is evaluated between 
the turbine inlet (station 1, fig. l) and the exit of the first stator 
(station 2, fig. l) . The radial variation of this pressure-loss coef- 
ficient is shown in figure 7(b) . The pressure-loss coefficient increases 
rapidly from a minimum value of 0.0245 at 15 percent of the annular area 
to a value of 0.143 at the tip of the blade. The weight-flow-average 
value of this pressure-loss coefficient (®)av,l-2 0.0765. The 

increasing values of the pressxire-loss coefficient as the stator blade 
tip is approached indicate that part of the over-all fh^bine loss occvurs 
in the inlet geometry of the turbine and also explains the decrease in 
stage efficiency towards the tip of the first rotor blade. Near the hub 
of the first-stage stator the pressure- loss coefficient is low; con- 
sequently, the decrease in stage efficiency near the hub is due to losses 
in the first-stage rotor near the hub. 

The radial variation in efficiency of the second stage is shown in 
figure 8(a) . A peak value of 82.0 percent occurs at 50 percent of the 
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anmil ar axea. !Eb.e efficiency decreases rapidly toward the hub and the 
tip of the "blade. The weig^ht-flow-average value of the efficiency for 
this stage is 66.0 percent and is represented "by the dashed line on the 
figure. Figure 8(b) shows the spanwise variation in the pressure-loss 
coefficient across the second-stage stator (evaluated between stations 3 
and 4, fig. l) . A maximum value of 0.037 occurs at a spanwise position 
corresponding to 55 percent of the a-nniiT a.v area and decreases to negative 
values near the hub and tip of the blade. !Ihe negative values indicate 
a stagnation-pressure rise and are probably due to secondary flows which 
caiosed a redistribution of the mass flow through this stator. The weight- 
flow-average veilue of the pressiire-loss coefficient for this stator is 
0.0112 and is represented by the dashed line on the figure. Becaiase the 
value of the pressure-loss coefficient across the second-stage stator is 
low and because the second-stage efficiency is also low, large losses are 
indicated in the second-stage rotor. 

Loss in second-stage rotor . - In an effort to determine the cause of 
the large losses across this rotor, a stream filament analysis (refer- 
ence 3) of the flow throu^ this bleide row was made at the hub, the mean, 
and the tip radius of the blade. This analysis was based on the design 
velocity diagrams and showed that this rotor would not pass the design 
weight flow. This result is verified by the eaperimental data which 
show that this rotor chokes at a pressure ratio less than design pressiire 
ratio. The analysis also indicated that the choking condition occurred 
upstream of the physical throat (minimum geometric area) . Figure 9 shows 
the variation of the geometric and the effective flow area ratios with 
percentage of hub blade chord. The method used to determine these area 
ratios is presented in the appendix. At approximately 94 percent of 
axial chord at the hub, the effective area ratio is 1.02 as con^pared with 
1.00 for the geometric area ratio. Becaaose the effective and geometric 
areas are approximately equal at this point, the nd.nimum effective area 
is approximately 2 percent smaller than the minimum geometric area. The 
figure also shows that the geometric area ratio decreases throtigh the 
blade row, whereas the effective area ratio reaches a TnlnlirnTm vailue at 
45 percent of the axial chord. This converging-diverging area variation 
results in high losses for outlet Mach numbers of the order of 1.0. For 
normal reaction and impulse blades, the profile pressure-loss coefficient 
generally decreases as an outlet Mach nxmober of 1.0 is approached 
(fig. 63, p. 233, reference 4). If the blade has a minimum effective 
area iipstream of the trailing edge, however, large pressure-loss coef- 
ficients win result (fig. 16, reference 5). The probable cause for this 
increase in the pressure-loss coefficient is that shocks on the suction 
surface cause a local static-pressure rise which induces flow separation 
from the suction surface of the blade, especially if there is appreciable 
curvature of the siiction surface downstream of the choke point (fig. 12, 
reference 6) . 

In order to reduce the high losses in the second-stage rotor, the 
blade profiles should be designed so that the effective area decreases 
thopou^ the blade passage. 
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SUMMARY CtP EXULTS 

Inasmuch as design performance -was not obtained from the XJ35-A-23 
two-stage turbine, an investigation of the stage work distribution and 
the losses through the turbine at design conditions was made. This 
investigation showed that: 

1. The loss diie to the whirl velocity at the turbine exit, based on 
actual turbine performance, was approximately 4 percent of the available 
isentroplc enthalpy drop through the turbine. 

2. Choking in the second-stage rotor limited the work output of the 
first stage and the velocities out of the second-stage stator at over-all 
turbine pressure ratios above 3.6. 

3. Choking in the second- stage rotor blades upstream of the physical 
blade throat induced large losses in this blade row. 


CaNCIUDHtG EEIMARKB 

The results obtained from a study of the losses through this two- 
stage turbine indicate that the poor performance is primarily due to the 
unfavorable choking conditions in the second-stage rotor and the loss of 
energy contained in the exit whirl velocity. Consequently, a satisfactory 
two-stage turbine can be obtained if these unfavorable conditions are 
eliminated. 

Lewis Flight Propulsion iaboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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APEENDIX - DEOEEMINATION OF AREA VARIATIOITS WICT EERCENTAOE 
OP AXIAL BLADE CHORD A2? HUB 
Geometric Area Variation 

The geometric area variation was determined "by first making a blade 
passage layout to scale as Indicated in the following sketch; 




This layout" was made for constant values of hub, mean, and tip radius at 
the leading edge of the "blade row. The orthogoneil system of streamlines 
i|f and velocity potential lines ^ was then sketched in. The lengths 
of the velocity potential lines were measured and are designated "by the 
synibol Uq. The nQ-values through the "blade passage were thus determined 

for the hub, the mean, and the tip radius of the blade. Prom the blade 
geometry, the intersections of the -lines with the mean passage stream- 
line were located. The n^j-values for the hub, the mean, and the tip 

radius were then plotted against the corresponding percentage valtie of 
the axial chord. Values of Uq at constant percentage values of the 

axial chord were then read and plotted against radius. A trapezoidal 
integration between the hub an(i -fhe tip radius was used to determine the 


value of the integral 



n^ dr for each constant percentage value of 
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axial blade chord. The variation of the lower limit rj^ of this inte- 
gral with the percentage of chord due to the divergence o£ the inner 
shroud was considered in the evaluation of this Integral. Each integral 
value thus determined was then plotted against the corresponding per- 
centage value of axial blaide chord at the hub. Each of these values was 
then divided by the Tnln-tmiTni integral value obtained and this ratio is 
presented in figure 9. 


Effective Area Variation 

Ihe parameter is defined (reference 3, p. 16) as a function of 
the geometry of the blade passage and the flow velocity and can be 
written relative to the rotor and in gravitational units as 


li 


w 




gEOT" 


(AL) 


where 

w wel^t flow per unit depth flowing across velocity potential line, 
lb/(sec) (ft) 

no distance across velocity potential line, ft 

p" stagnation density relative to rotor j Ib/ft^ 

By the calculation of various parameters which are functions of the 
gecmetiy of the blade passage, the choking value of p. for each velocity 
potential line was determined by the method of reference 3 (p. 17 and 
fig. 14) . Ihis choking valtae of p, when multiplied by its corresponding 
value of Uq, represents the choking value of the weight flow per xinlt 

depth for the partictilar velocity potential line. The value of (pnQ)^ 
thus determined is proportional to an effective choking area. 

these choking .values (|Jno)c against percentage of axial 
the hub was then used to calculate the values of 

by the same procedure as outlined in the preceding sec- 


of these integral values to the Tn-TnimrTm integral value 
plotted against percentage of axial blade chord at the hub represents an 
effective area ratio variation throng the blade passage. This variation 
is shown in figure 9. 


A plot of 
blade chord at 


J 


n 


(pno)„ dr 


^h 
tlon. 


The ratio 



14 


NACA RM E52E15 


REFERENCES 

1. ReTaeske, John J. Jr., Berkey, William E., and Porrette, Robert E. : 

Over-all Performance of J35-A-23 Two-Stage Turbine. NACA RM E51E22, 
1951. 

2. Hauser, Cavour H., and Plohr, Henry ¥. : Two-Dimensional Cascade 

Investigation of the Maximum Exit Tangential Velocity Ccmponent and 
Other Flow Conditions at the Exit of Several Turbine Blade Designs 
at Supercritical Pressure Ratios. NACA RM E51F12, 1951. 

3. Huppert, M. C., amd MacGregor, Charles: Comparison Between Predicted 

and Observed Performance of Gas-Turbine Stator Blade Designed for 
Free-Vortex Plow. NACA TN 1810, 1949 . 

4. Ainley, D. G. : Perfonnance of Axial-flow Turbines. Lectures on the 

Development of Internal Cosnbustion Turbines. Piiblished in War 
Emergency Issue no. 41 by Inst. Mech. Eng. (London). (Reprinted in 
U.S. by A.S.M.E., April 1949, pp. 230-244.) 

5. Stanitz, John D., and Sheldrake, Leonard J.: ^plication of a Channel 

Design Method to Hi^-Solidity Cascades and Tests of an Itripulse 
Cascade with 90° of Turning. NACA TW 2652, 1952. 

. Ainley, D. G., and Mathieson, G. C. R.: An Examination of the Plow 

and Pressure Losses in Blade Rows of Axial Plow Q?urbines. Rep. no. 
R. 86, British N.G.T.E., March 1951. 


6 


2531 





M 

O) 



Figure 2. - Velocity vector dlagraas for ZJ3S-A-23 tuo-'Stafie turbine (design values). Snglne design ccndltiona: inlet 
temperature, 2160^ Hj specific heat at constant pressure, 0.283 Btu per pound per ratio of specific neats, l.S2^ 

over-all enthalpy change, 131.2 Btu per pound; stage work split, S3 and 47 percent. Mach numbers are given In paren- 
theses. 
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Figure 3. - Spacrvise variation in ratio of kinetic 
energy contained in tangential con^jonent of velo- 
city at turbine exit to available isentropic 
enthalpy drop through turbine for equivalent 
design speed and pressure ratio. 









Pressure ratio, Pn/p' 
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Figure 5. - Variation, of equivalent weiglit flov with pres 
sure ratio for various turbine speeds. 
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(a) Adiabatic efficiency. 

Figure 7. - Spanwise variation of adia- 
batic efficiency and pressure-loss 
coefficient in first stage for equiva- 
lent design speed and pressure ratio. 




Pres sure -loBB coefflcleirt, (^ 1^2 

(b) Pres sure -loss coefficient scxoss atator. 

Figure 7 . - Concluded. Spanwlee -yBrlatloii of adiabatic efficiency and prcBBure-lOBs 
coefficient in first stage for equivalent design ej>eed and pressure ratio. 
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40 60 80 100 


Adiabatic efficiency, T|ad,3-5^ PS^csnt 

(a) Adiabatic efficiency. 

Figure 8. - Spanvrise variation of adia- 
batic efficiency and pressure-loss 
coefficient in second stage for equiv- 
alent design speed and pressure ratio. 



24 


K^CA EM E52E15 



Presstire-los8 coefficient, £^3.4 


(b) Pressure-loss coefficient across stator. 

Flg\jre 8. - Concluded- Spanwise variation of 
adiabatic efficiency and press\are-loss coeffi- 
cient in second stage for equivalent design 
speed and pressure ratio. 
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Aaclal blade chord at hub, percent 


Figure 9. - Variation of geometric and effective sirea ratios through second-sta^e rotor blade pas 

sage with percentage of axial blade chord at hub. 
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